Optical devices were fabricated by sandwiching a "monolithic" poly (N-21 isopropylacrylamide-co-N-(3-aminopropyl) methacrylamide hydrochloride) (pNIPAm-co-22 APMAH) microgel layer between two semitransparent Au layers. These devices, referred to as 23 etalons, exhibit characteristic multipeak reflectance spectra, and the position of the peaks in the 24 spectra primarily depend on the distance between the Au surfaces mediated by the microgel layer 25 thickness. Here, we show that the positively charged microgel layer can collapse in the presence 26 of negatively charged single stranded DNA (ssDNA) due to ssDNA induced microgel 27 crosslinking. The collapse results in a change in the etalon's optical properties, which can be used 28 to detect target DNA in a complex mixture. 29
isopropylacrylamide-co-N-(3-aminopropyl) methacrylamide hydrochloride) (pNIPAm-co-22 APMAH) microgel layer between two semitransparent Au layers. These devices, referred to as 23 etalons, exhibit characteristic multipeak reflectance spectra, and the position of the peaks in the 24 spectra primarily depend on the distance between the Au surfaces mediated by the microgel layer 25 thickness. Here, we show that the positively charged microgel layer can collapse in the presence 26 of negatively charged single stranded DNA (ssDNA) due to ssDNA induced microgel 27 crosslinking. The collapse results in a change in the etalon's optical properties, which can be used 28 to detect target DNA in a complex mixture. enough though, the DNA of a specific sequence needs to be detected, which may need 38 pretreatment to enrich the concentration of DNA in the sample. While there are number of 39 methods currently available to achieve these goals, new methods are being developed for 40 improved performance as well as for point-of-care (POC) diagnostics. For example, most 41 techniques --such as polymerase chain reaction (PCR)--are not amenable for POC applications. 42 Furthermore, fluorescence-based DNA assays require high performance equipment for operation, 43 and are costly. Due to these shortcomings, a number of techniques have emerged for the label 44 free detection of low concentrations of DNA, without preconcentration and/or amplification. [1-45 4] 46 In this contribution, we present a polymer-based device that can be used for the label-47 free, colorimetric detection of low concentrations of DNA. The device construct, which is shown 48 in Figure 1 , is constructed by sandwiching poly (N-isopropylacrylamide) (pNIPAm)-based 49 microgels between two planar Au layers. [5, 6] Poly (N-isopropylacrylamide) (pNIPAm) is the 50 most well studied responsive polymer to date. It has attracted enormous attention due to its lower 51 critical solution temperature (LCST). That is, pNIPAm is water soluble and swollen (existing as 52 a random coil) at temperature ˂ 32 °C, which collapses (into a globular state) above 32 °C.
[7] 53
This transition is fully reversible. A number of other responsive moieties can be added during 54 polymerization to make pNIPAm responsive to temperature and other stimuli. In this way, 55 thermoresponsive pNIPAm-based polymers can be made responsive to pH, ionic strength, 56 analyte concentration, light, electric field, magnetic field, and redox chemistry (for example). In addition to linear polymers, crosslinked pNIPAm-based polymer networks can be 63 synthesized to form a hydrogel. Furthermore, hydrogel nano and microparticles (nanogels and 64 microgels, respectively) can be synthesized. These materials are highly porous, and water 65 swollen also exhibiting thermoresponsivity with the option of adding additional responsivity as 66 required. The most common additional response is pH, afforded by incorporating a weak acid, 67 e.g., acrylic acid (AAc) into the hydrogel network. [12] [13] [14] AAc is a weak acid with a pK a of ~ 68 4.25, thus it is charged at pH > 4.25 and vice versa. When the pNIPAm-co-AAc microgels are at 69 a pH > 4.25 they contain multiple charges and are polyanionic. 70
We have shown that the pNIPAm microgel-based optical devices (or etalons), shown in 71 where n is the refractive index of the microgel (dielectric) layer, d is the mirror-mirror distance, 76 θ is the angle of incident light relative to the normal, and m (an integer), is the order of the 77 reflected peak. 78 ssDNA pNIPAm-co-APMAH Microgel Etalon
Collapsed Microgel
Most important to the work here, we have shown that polycationic linear polymers are capable of 80 penetrating the etalon's outer Au layer to crosslink negatively charged pNIPAm-co-AAc 81 microgels in the cavity. [22] This crosslinking causes the microgels to collapse, changing the 82 distance between the two Au layers, resulting in a shift in the position of the peaks in reflectance 83 spectra. This has been utilized for sensing proteins in solution. [19, 21] In this submission, we 84
show that pNIPAm-co-N-(3-aminopropyl) methacrylamide hydrochloride (pNIPAm-co-85 APMAH) microgel-based etalons, which are polycationic <pH~10.0 can be fabricated and are 86 capable of detecting negatively charged single stranded DNA (TDNA, sequence: 5′-87 TTGCTTGGCTTTCAGTTAT-3′) in solution. Furthermore, we are able to utilize this novel 88 system for detecting a specific DNA sequence in the presence of DNA with 2 BP mismatch 89 (2BPMMDNA, sequence: 5′-TTGGTTGGCTTTGAGTTAT-3′ and 4 BP mismatch 90 (4BPMMDNA, sequence: 5′-TTCGTTGGCTTTGACTTAT-3′) and complete mismatch (5′-91 ATAACTGAAAGCCAAGCAA-3′) sequences. The bolded bases indicate the position of the 92 mismatch. This system represents a simple optical detection system to sense target DNA without 93 complex modification or the use of labels. With further optimization, and coupling with a simple 94 electronic readout system, this approach will find application in resource-limited parts of the 95 world for sensing disease biomarkers. 96 beaker was rinsed with 25 mL of DI water and then filtered into the NIPAm/BIS solution. The 129 flask was then equipped with a temperature probe connected to a temperature control system, a 130 condenser, N 2 gas inlet (a needle), and a stir bar. The solution was purged with N 2 gas for about 131 1.5 h, with the stirring set to a rate of 450 rpm, while the temperature was allowed to reach 45 132 °C. APMAH (1.0 mmol) was then added to the heated mixture with a micropipette in one 133 aliquot. A 0.078 M aqueous solution of APS (5 mL) was delivered to the reaction flask with a 134 transfer pipet to initiate the reaction. Immediately following initiation, a temperature ramp of 45 135 to 65 °C was applied to the solution at a rate of 30 °C/h. The reaction was allowed to proceed 136 overnight at 65 °C. After polymerization, the reaction mixture was allowed to cool down to room 137 temperature and filtered through glass wool to remove any large aggregates. The coagulum was 138 rinsed with DI water and filtered. Aliquots of these microgels (12 mL) were centrifuged at a 139 speed of ∼8500 relative centrifugal force (rcf) at 23 °C for about 40 minutes to produce a pellet 140 at the bottom of the centrifuge tube. The supernatant was removed from the pellet of microgels, 141 which was then resuspended to the same volume (12 mL) of DI water. Centrifugation and re-142 suspension was repeated five more times to remove any unreacted reagents, linear polymers, and 143 oligomers present with the microgel. After repeated centrifugation pure, concentrated and very 144 viscous microgel pellet was formed and kept in the centrifuge tube for further use. Cr acts as an adhesion layer to hold the Au layer on the glass. The Au coated substrates were 186 annealed at 250 °C for 3 h followed by cooling to room temperature before use. A 12 mL aliquot 187 of purified microgel solution was centrifuged for 30 min at 23 °C at ∼8500 relative centrifugal 188 force (rcf) to pack the microgels into a pellet at the bottom of the centrifuge tube. The microgel 189 pellet contained in the centrifuge tube was vortexed to loosen the pellet and was placed on a hot-190 plate at 30 °C. A previously coated Cr/Au substrate was rinsed with ethanol, dried with N 2 , and 191 then placed onto hot plate (Corning, NY) set to 30 °C. A 40 μL aliquot of the concentrated 192 microgels was put onto the substrate and then spread toward each edge using the side of a 193 micropipette tip. The film was rotated 90°, and the microgel solution was spread again. The 194 spreading and rotation continued until the microgels covered the entire substrate and became too 195 viscous to spread further. The microgels were allowed to dry completely on the substrate for 2 h 196 with the hot plate temperature set to 35 °C. After 2 hours, the dry film was rinsed with DI water 197 to remove any excess microgels not bound directly to the Au. Next, the film was placed into a DI 198 water bath and allowed to incubate overnight on a hot plate set to ∼30 °C. Following this step, 199 the substrate was again rinsed with DI water to further remove any microgels not bound directly 200 to the Au substrate surface. Then, the film was dried with N 2 gas and placed into the thermal 201 evaporator, and an additional 2 nm Cr followed by 5 nm Au was deposited onto the microgels as 202 an overlayer. After the overlayer addition the Au-microgel-Au structure (or etalon) was soaked 203 in DI water overnight on a hot plate at 30 °C. The assemblies were then rinsed with DI water and 204 dried with N 2 gas and subsequently used for experiments. We point out that the microgels used 205 here were ~650 nm in diameter measured from analysis of differential interference contrast 206 microscopy images. From previous results, [6] we found that the etalon's cavity thickness 207 (defined by the microgel diameter) was ~ 0.6 of the microgels solution diameter. This is the case 208 because the microgels are soft, and sandwiched between the etalon's two Au layers while also 209 being stuck to the Au surface. In this case, we also know that the visual color for these etalon's is 210 weak, although the peaks in the reflectance spectra are well defined. TDNA, supernatant with various concentration of TDNA was collected by the above method and 259 used for sensing. We performed control experiment by mixing 4BPMMDNA and CMMDNA 260 and reacting them with MMPDNA without any TDNA. After the initial magnetic field 261 separation, washing of MMPDNA and heating, we added the extract (which does not contain any 262 TDNA) to the etalon chamber and found no significant shift of reflectance peak. This approach 263 confirms the selectivity of the MMPDNA for TDNA. Other control experiments were performed 264 and we found that MMP storage buffer and reaction buffer do not have any influence on the 265 position of the peaks in the reflectance spectra. 266
Results and Discussion: 267
For this approach to work, ssDNA must be capable of penetrating the etalon to collapse the 268 microgels to yield an optical response. To investigate this, we fabricated a pNIPAm-co-APMAH 269 etalon and exposed it to varying concentrations of ssDNA while monitoring the position of the 270 etalons reflectance peaks. We found that the etalon's reflectance peaks all shifted to lower 271 wavelengths upon DNA addition, indicative of microgel collapse. This process usually takes 5 272 minutes to 1 h; the factors that dictate the response time are unknown, but are under 273 investigation. Shown in Figure 2 is the cumulative shift (relative to the initial peak position) for 274 one reflectance peak. As can be seen, the extent of the peak shift is linearly related to the 275 concentration of the DNA added to the solution, levelling off at high concentrations due to 276 microgel saturation with ssDNA. From the results, we concluded that ssDNA is indeed capable 277 of entering the etalon to crosslink the microgels, and the extent of crosslinking depends on the 278 amount of ssDNA exposed to the etalon. 279 was removed from solution. While holding the magnet in place, the supernatant solution was 307 pipetted out, the magnet was removed and the magnetic microparticles were vortexed mildly 308 with additional fresh pH 7.2 solution. The external magnet was again brought close to the 309 microcentrifuge tube and microparticles were separated, supernatant solution extracted and the 310 process repeated again. This was repeated a total of three times to isolate all the MMPDNA-311 TDNA from the interfering DNA. Then, a specific amount of pH 7.2 solution was added to the 312 clean microparticles and dispersed. At this stage, only the MMPDNA and TDNA complex 313 should be present in solution. 314
315
Once the purification steps were complete, and the MMPDNA-TDNA was in fresh solution, 316 the solution was heated to 80 °C and maintained for 5 minutes. At this temperature the TDNA 317 will be released from the MMPDNA particles (by melting), and while maintaining the solution 318 temperature, a magnet was applied to the tube to capture the MMPDNA and the supernatant 319 solution was removed from the tube, which contains TDNA. When the supernatant was added to 320 the etalon stabilized at 25°C in pH 7.2 solution, the λ max of the reflectance spectrum shifted to the 321 lower wavelength. By changing the initial concentration of TDNA, we were able to observe 322 different shift magnitudes, as shown in Figure 3 . The shifts were easily detectable and ranged 323 from 12 nm -60 nm. We were easily able to detect the concentration of DNA down to the μM in 324 range with no preconcentration and/or amplification of the TDNA concentration. Therefore, 325 preconcentration and/or amplification of the TDNA concentration will only increase the 326 sensitivity of this method. 327 with no TDNA preconcentration, amplification, or other system optimization whatsoever. This 345 method represents a very simple and inexpensive way of sensing DNA without the need for a 346 label. In fact, the devices here cost pennies. Furthermore, the response can be read out 347 colorimetrically, which offers the potential of low cost equipment for running the assay. In the 348 future, we will utilize this sensing scheme for detecting other protien and DNA-based biomarkers 349 for that are specific for disease states. 
